
. .i
,T-J

RESEARCHMEMORANDUM-

INVESTIGATIONOF EQUILIBI?JUM

TEMPERATURESAND AVERAGE LAMINAR HEAT-TRANSFER

COEFFICIENTSFOR THE FRONT HALF OF SWEPT CIRCULAR

CYLINDERSAT A MACHNUMBEROF 6.9

By William V. Feller

LangleyAeronauticalLaboratory
LangleyField, Va.

cIAmFIEDEa!mumT
Tti8mabr181c0*Mcum@3n kfktlngthRali3mlEBW0ftImIJrdMSIateaw-itiintb3mwdng
ofttaqlmge mm,mu 18,U.s.c.,SUM. 769ti‘m,b brmnkimorrevelationofwhichhang
-rtotnmmnthrizdp monlsproiihited~kw.

NATIONALADVISORY COMMITTEE
FOR

\

. . .. . .

AERONAUTCS
WASHINGTON

August18, 1955

. . . —---- ....— .- —-.—. . . . .. . -.. —- ,. --..-’---



—

Q
NACARM L55F08a

NATIONALADVISORYCOMMITTEEFORAERONAUTICS

RESEARCHMEMORANDUM

INVESTIGATIONOFEQUDJIRIU4

TEMPERATURESANDAVERAGEIAMINARHFAT-msm

COEI?FIC-SFORTHEFRONTHALFOF SWEPTCIRCULAR

c’mmmlwATA MACHIwlmmOF6..9

ByWilJ3amV. Feller

Em4MARY

Averageheat-transfercoefficientssadequilibrium
. thefronthalfofan isothermalcylinderwitha laminar

weredeterminedfromwind-tunneltestsata Machnuniber

temperaturesfor
bo*y layer
of6.9. free-

. streamReynoldsnumbersbasedondismeterof1.3 x 1($ d 1.8”x ld,
and sweepanglesfrom0°to no. Theequilibriumtemperatureforthe
isothermalcylinderwithnor@ heattransferwasfoundto decreasewith _. ‘
increasingsweepangleandc= %e closelypredictedby thesimple..thegry
presented.Theaverageheat-~~sfercoefficientvariedapproximately
asthe’cosineofthesweepa&le. A simpleanalysis,basedonthenormal
ccqonentoftheflowonly,showsgoodagreementwiththistrend.The
laminsxcorrelatingparsmeter”Nusseltnumberdividedby thesqyareroot
oftheReynoldsnumber,whentheah conductivityandviscositywere
evaluatedatthetemperature.&p~beh3ndthebowshock,wasfoundto
varyonlyslightlywithsweep‘&’gle.

INTRODUCTION
.,--w’.

. .>=●

As flightMachnunibersincrease,theaerodynamicheatingat leading
edgesofwingsandcontrolsurfacesbecomesincreasinglyserious.High
locslheat-inputratescaninducelargethermalstresses,andinthe
caseofhypersonicflightwheretheboundary-lsyerrecoverytemperatures
becomeveryhigh,theheat-inputratewilldeterminetheflightt~e
availablebeforethetemperaturelimitsofthestructureareexceeded.
Itbecomesimportantthento investigatethepossibilityofreducingthe
heat-transferratesby changesinthewinggeometry,forexample,byr
clwmgingtheleading-edgeradiusorby sweepingthelead~ edge.
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A leadingedgedesignedforhighMachnmber operationwill.probably
bebluntedto someextentinordertoprovidesomeheatcapacityat the
stagnationline.Theboundarylayercsnbe expectedtobe laminarfor
somedistsnce.Thus,theresultsofinvestigationintothelam- heat
transferto circdarcylindersaredirectlyapplicabletothenoseofa
wing,theregionwheretheheattransferishighest.

A nmber ofanalyticalstudiesoftheheattransfeito cylinders
normaltoanairstreamhavebeenmade(e.g.,refs.1 to3). Muchofthe
analyticalwork,however,isrestrictedto incompressiblefloworto
a Prandtlnumberof1. Theexperimentalworkhasbeen13mitedtovery
lowspeeds(e.g.,refs.4 and5) ortotheverylowReynoldsnumbersof
hot-wiresnemometry(ref.6). ‘I!he resultsofthesestudiesshowthat
localheat-transferratescanbe correlatedusingNusseltandReynolds
numbersbasedoncylinderdiameter,whichmeanEthatticreas3ngthe
diameterreducesthelocalheat-transfe-rcoefficients.

Sincesweepinga bluntleadingedgeisdesirableforreducingthe
drag,thequestionsriseswhetherItmightnotbebeneficialfromthe
standpointofheattransferalso. Thisquestionhas,however,been
studiedverylittle.Theoreticalanalyseshavebeenmadeforincompress-
ibleflowwitha Rmndtlnumberof1 (refs.7 and8). Beckwithhas
recentlyextendedtheintegralmethodofreference2 forcompressible
flowwitharbitraryPrandtlnumberto thecaseofa sweptcylinderin
reference9, and has comparedthetheoqe&~@l.resultswiththeexperi-
mentalvaluesfromthepresentinvestigation.U (ref.10)in1914
publishedexperimentalresultsforheatlessfromhotwiresatverylow
speeds,whichshoweda considerablereductioninoverallheat-transfer
coefficientasthesweepangleincreased.Eggers,Hansen,andCunn@@am
oftheAmesAeronauticalLaboratoryhave&centlypresentedresultsof
testsonsweptwiresat M = 9.8, butat theverylowRe~oldsnumber
of315(ref.U.). . mm...

33viewofthelackof informationapplicabletothelkchaud
Reynoldsnumbersof interesttodesignersof supersonicvehicles,an
experim&rtalinvestigationwasundertakento studytheeffectof sweep
angleontheaverageheat-transferratestothefronthalfofa solid
cylinderwitha lamtnarboundarylayerat M = 6.9 andReynoldsnumbers
basedondiameterW free-stresmairpropertiesof1.3 x ld and
1.8 ~ @. Theseconditionscorrespondtothecase0$a l-inch-diameter
semicircularleadingedgeflyingat M = 6.9 at~titudesof163,000
and1~,000feet.

SYMBOLS

A

c
areaperunitlengthofuninsulatedfronthalfof cylinder

specificheatofcopper.:~,:,

&*’’’’’”
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specificheat-ofairatconstantpressure

cylinderdismeter

averageheat-transfercoefficient

thermslconductivi~ofair

weightofcopper

&ch nmiber

Nusseltnuniber,

cylinderperunitoflen@

hD/k

tunnelstagnationpressure

I?rszdtlnumber,c~/k
.

recoveryfactorbasedon streamstatictemperature

Reynoldsnumber,pvD/u

time

equilibriumtemperatureof isothermalbodyfornonet
heattransfer

tunnelstagnationtemperature

modeltemperature

tunnelfree-stream

tunnelfree-stream

sweepangle,deg

tunnelfree-stream

statictemperature

airvelocity

airdensity

-C Vi.SCOSityOf air

Stiscripts:

e equilibriwn

n normalcomponent
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behindcenterof shockat sweepangle
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APPARATUSANDMETHODS

ThisinvestigationwascarriedoutintheLangleyn-inchhypersonic
tunnel,an intermittentblowdowntunnel,ata Machnmber ofabout6.9.
Thegeneralarrangementofthetunnelisthesameasthatdescribedin
reference12 exceptfora newelectricalheaterandan invartwo-
dimensionalnozzle,whichdoesnotshowthechangeofMachnumberwith
timefoundinthesteelnozzle.

Testsweremadeattwotunnelstagnationpressures,25and33atmos-
pheres,andat stagnationtemperaturesnear1,140°R. Calibrationtests
ofthenozzlehaveshowna Machnunberof6.86for25atmospheresstag-
nationpressure,and6.88for33 atmospheres.Forbrevity,theMach
numberforbothconditionswiU be called6.9. Thefree-streamReynolds
numbersbasedontheO.~-inchdiameterwereabout1.3x 105 and 1.8 x ld.

Tominimizetheeffectofunsteadyair-flowconditionsonthemodel
at thestartoftherun,theftist15 secondsofairflowwerebypassed
aroundthenozzletopermittheheatertemperaturesto steady.The
nozzleairflowwasstartedby a quick-openingvalve,sothatthemodel
wasexposedto flowatvsryingtemperatureandpressurefora shorttime
only,probablyabout5 seconds.Therunningtimeavailablewasabout
85 seconds.

IZLgure1 showsthemodeltested.Thecylinderwassolid,machined
fromhigh-electrical-conductivitycopper,andfittedwithtwoplugsof
thesamematerialcarryingthechrmel-alumelthermocouplejunctions.
Thethermocouplejunctionswerelocatedverycloseto thecylinderaxis
at stations3 and3.75inchesfromtheotiboardend. Oneendandthe
rearhalfofthecylinderwerecoveredby a layerofglass-fiber-reinforced
resti(ParaplexP-44)about0.08inchthick,taperedtobeparallelto
theairstreamdirectionatthesides.Theotherendofthemodelwas
reducedindiameterfora lengthof1 inchtofitinsidea tubularsupport
fastenedtothetunnelwall. Theinterchangeablesupportsusedgavesweep
anglesof O.OO,20.5°,40.50,60.80,and~.OO.

Modelandtunnelstagnationtemperatureswerereadfrom~glf-
balanctigrecordingpotentiometerswitha

stagnationpressurewasreadfromE!ourdon
of1/2percentoffullscale,or.5inches

--”-

ratedaccuracyof~- F. Tunnel ,)

typegageswithan accuracy
Of.:qercury.
.#----
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REDUCTIONOFDATA

Eq.zilibriunTemperature

To cal.cukbeheat-transfercoefficientsfromthetimehistoriesof
tumnelstagnationandmodeltemperatures,ssmplesofwhichareshownin
‘figure2,a referencetemperatureforfindingthetemperaturedifference
forheattransferhadtobe determined.Becauseofthelimitedtunnel
runningthe, a directmeasurementoftheequilibriatemperatureof
themodelcouldnotbemade,soan extrapolationprocedurewasused.

A smoothcurvewasfairedthroughtheprintedrecordofmodeltem-
peraturewiththe, andtheslopesofthetangentsto thecurveat
5-secondintervalsweremeasured.Theseslopeswerethenplottedagainst
time,anda faircurvedrawnthroughthepoints.Thevaluesfromthis
fairedcurvewerethenintegratednumericallyby thetrapezoidal.rule
with2-secondintervals,andtheintegralcurvewascompsredwiththe
orighalcurveoftemperatureagainsttime.Whenthediscrepancyexceeded
2°F,thecurveof dTw/dtwasrefairedandreintegrated.Theslopes

r readatthestartoftheflowandat5 seconds,ingeneral,fittedthe
fairedcurveof dTw/dtagainsttimepoorly,andbecausethestagnation-
temperaturerecordwasnotsteadyduringthistiterval,thesedatawere.
notused.

Thefairedandverifiedvaluesof dTw/dtweremultipliedby C,
thespecificheatofcopperatthecorrespondhgmodeltemperature,and
plottedagainstmodeltemperature.A ssmplecurveis showninfigure2.

%Thiscurvewasextrapolatedtothemodeltemperatureatwhich C ~t ,

andthereforethenetheattransfertothebody,waszero.Thistqer-
ature,whichwillbe referredtoastheequilibriumtemperatureTe was
usedasthereferencetemperatureinformingthetemperaturedifference
forheattrsnsfer.Thevaluesof Te determinedasdescrib~above
showeda correlationwiththetunnelstagnationtemperature.Accordi@y,
theratio Te/Towasformedandwasplottedagainstsweepangle.A
smoothcurvewasfairedthroughthepointsobtained,weightedto favor
pointsforwhichtheextrapolation&s
Valuesof Te/Tofromthiscurvewere
temperatmesto findthevalueof Te
trsnsfercoefficients.

believedtobe mo;treliable.
usedwiththemeasmedStagnation
usedinthecalculationofheat-

,..-,
3’.’
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AverageHeat-TransferCoefficients
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Theaverageheat-transfercoefficientswerecalculatedfromthe
modeltemperaturesandslopesreadfromfairedcurvesat 5-secondinter-
valsby usingtherelation

:)

( )
dq

hATe-Tw =IIIC~ (1)

whichassumesthatalloftheheatinputwentintoraisingthetemper-
atureofthebody. Thearea A usedwasthesurfaceareaoft,heuninsu-
latedfronthalfofthecylinder,whichwasintendedto simulatea semi-
circularwinglea-g edge. Someunptilishedworkby Goodwinofthe
AmesAeronauticalLaboratoryshowsthatat M = 3.94 thelocalheat-
transfercoefficientsontherearhalfofa transversecircularcylinder
sresmallcompsredtothoseonthefronthall?.At M = 6.9,thesame
situationshouldprevail.Theadditionofa layerof insulationwas
expectedtoreducetheheatinputfromtherearhalfofthecylinderto
a negligiblesmount.

Theheat-transfercoefficientswereexpectedto showa trendwith
.

temperateratio TJTo. Sucha trendcouldnot,however,be demonstrated
withintheaccuracyofthetests,inthersmgeoftemperaturesavailable, ‘
sothevaluesof h wereaveragedandme presentedasrepresentative
valuesfora rangeoftemperateratio ~/T. between0.5and0.8.

Thelackofvariationof h with Tw/Topermitteda checkonthe
valuescalculatedfromequation(l).If it isassumedthat h and Te
areconstant,equation(1)maybe differentiatedwithrespectto Tw
toyield

(2)

whichdoesnotdependona choiceof Te. Forrunsorportionsofruns
wheretherateofchangeoftunnelstagnationtemperaturewaslessthan
about0.2°F persecond,thevaluesof h calculatedfromequation(2)
wereinexcellentagreementwiththosefromequation(l). Unfortunately,
itwasimpossibletoholdthetunnelstagnationtemperatureconstantto
thisaccuracyfortheentirerumningthe.

Theproceduresdescrib+abovehaveassumedthatthetemperature
throughouta crosssectionofthecylinderwasnearlyconstant,sothat
thetemperatmesreadby thethermocouplesonthecylindersxisrepre-
sentedboththesurfacetemperatureandtheaveragetemperatureinthe

. _——_- — _ . ___
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cylinder,andthat

7

radiationandaxialconductionwerenegligible.The
firstassmptionwascheckeilby calculatingthetemperaturegradientfor

. steadyconductionina one-dimensionalbodywiththesameheatflowper
unitcrosssectionasthecalculatedaerodynamicheatinputperunit
area. Forthemaximumheat-transferratesobservedinthesetests,the
temperaturedifferencebetweenthecylinderaxisandthesurfacewas
calculatedtobe 3°F. Theactualtemperaturedifferenceb themodel
maysafelybe assumedtobe lessthanthis;therefore,thecoppercylin-
derwasconsideredisothermal.

Theener~lossby radiationwascalculatedfora modeltemperature
of ~0° R,whichwasthehighestvaluereachedby themodelinthesetests.
Assumingam emissivityforthecoppermodelof0.15,andassumingthat
thetunnelwallsof6000R actedasa ccqleteenclosure,largecompared
tothemcilel,therateofheatlossby radiationwaslx Btu/hr/ft2,which
wasabout2 percentoftheheat-inputratemeaswedatthistemperature.
Forlowermodeltemperatures,theradiationlosswouldbemuchlessj
therefore,no correctionswereapplied.

Theassumptionofnegligibleinfluenceofaxialconductioninthe
coppercylinderonthecalculatedheat-transfercoefficientswasbased
on examinationoftheexternalairflowsmdonthelackofa temperate

. differencebetweenthetwothermocouples3/4inchapartonthecylinder
axis.

Schlierenpicturesof sweptcylinderswithtipssimilarto thatused
inthepresentinvestigationwereavailablefromtheworkofreference13
ontheforcesandpressureson sweptcylindersdoneinthesametumnel.
Someoftheseschlierenpicturesme showninfigure3, forsweepangles
of 15°,45°,60°, and75°. Aheadof s+ations6 and7* diametersfromthe
upstreamtip,whichcorrespondto thethermocouplestationsofthepresent
investigation,thebowshockisstraightandparalleltothecylinderfor
sweepanglesupto 600. Theairflowisthereforeexpectedtobe two-
dtiensionalintheregionofthetestsectionofthecyltider,andsothe
heattransferfromtheairtothemodelisthesameat thetwostations
forsweep@es upto 600. At 75°sweep,theshockisnotquiteparallel
tothecylinder,andsomeeffectsontheheattransfer,dueto thethree-
dimensionalnatureoftheflow,mightbe presentinthetestsat this
sweepangle.

A variationinheat-transferratesalongthecylindertowardthetips
couldcauseaxialheatflowby conductioninthemodel,whichwouldalter
theheatbalanceassumedinequation(1).A largeerrordueto this
sourceisbelievedunlikely,becguse,whiletheabsoltieaccuracyofthe

c. temperaturemeasurementswas*2$ F,thetwothermocoupletemperatures
werereadonthesamepotentiometer@ wereinagreementtolessthan1°F

.
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underconditionsofno airflow. Ihonlya fewrunsat 0° sweepwere
thetwotemperaturesdifferentbymorethan1°F,andinthesecases,
thedifferencewasnotregularindirectionortrendwithtime.

Becauseoftheseveralfairingandaveragingprocedwesusedin
reductionofthedata,theprobableerrorscannotbe assessedby esti-
matingthecontributionsduetothemeasuringequipmentandtd thenumer-
icalquantitiesusedinthecalculations.Forexample,thecalculated
valuesofheat-transfercoefficientaredependentonthechoiceof Te/To,
whichcouldnotbemeasureddtiectly.Theselectionofvaluesof Te/To
wasbasedonconsiderationofthefairingofthecurveof Te/Totith
sweepangleaswellasonthemeanvalueobtainedfromextrapolations

dT
of c ~ to zero.dt Someideaofthereliabili~ofthevaluespresented

wasobtainedfromthescatterof individualvaluesfromtheaverages.
It isfeltthattheequilibriumtemperatureratioisprobablyreliable
to@ percentandtheaverageheat-transfercoefficientsto*5 percent.

PreviousexperienceintheLangleyU-inchhypersonictunnelwith
variousbodiesandtheresultsofreference13haveshownthatat M = 6.9 ●

andatthefree-streamReynoldsnumberofthesetests,theboundarykayers
canbe expectedtobe lamimarforalloftheconfigurationsofthis
investigation. J

Calculationofthemolecubr+nean-free-pathlengthat theconditions
behindthebowshockonthemodelgavevaluesontheorderof10‘5inches,
whichissmallcomparedto a reasonableestimateoftheboundary-layer

thicknessonthemodelof10-2inches.Therefore,thetestsarebelieved
tobewe12outoftheregionofpossibleslip-floweffects.

lUMULTSANDDISCUSSION

EquilibriaTemperature

Thechangeintheratioofequilibriumtemperatureto stagnation
temperaturewithsweepamgleispresentedintheupperpartoffigure4
by thedatapointsandthesolidfairedcurve.Itmustbe emphasized
thatthetemperatureTe isthetemperatureofanassmtiisothermal
smfacefornonetheattransferto orfromtheairstream.Thecurve
canbe extendedbeyondno sweeptomeetthevalue0.86calculatedfrom
theflat-platelaminarrecoveryfactorequalto thesqusrerootofthe
l%andtlnumber.

.

Ni’w%==*
.
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A simpleanalysishasbeenmadeoftheeffectof sweepsngleon
therecoveryfactorsonthefrontM ofa cylinder.By thelawof
conservationof ener~,theenthalpyriseina unit
eratedfromvelocityVI to zerowithnoheatloss

..2

( )
VI

cpTo-Tl ‘—2

mass-ofairdecel-
canbe mitten

(3)

assmingconstantCP“ Thecomponentsofthefree-streamflownormal
andtangentialto thecylinderaxisareconsideredtobe decelerated
independentlyandwithdifferentaveragerecoveryfactors.Thetotal
enthal.pyriseat thebodyat sweepangleA isthen

%(Te ‘Tl)“rn
Dividingby theenthalpyrise
forconstantCp,.,

T. - TT

kL.5Qf+rt-b@
2 2 (4)

forcompleterecovery(eq.(3))gives,

T: ‘=rn- T. COS2A+ rt sti2A (5)
u -L

sol- for Te/To Yid.dS

Te Tl ( )(T1 2 2
)~=~+ l-~ rncOsA+rtstiA (6)

Onthestagnationlineofthecylinder,rn canbe considered1,

P#2, whichfortheandusingfor rt,thefht-platerecoveryfactor
testconditionsis0.85,equation(6)becomes,forthesta~tion line
andforI&chnumber6.86or6.88,

Te
~= )O.0~ + 0.~(cos2A+ O.@ Sin2A (7)

Thisrelationisplottedintheupperpartoffigure4.

Itwasnextassumedthattheaveragerecoveryfactoroverthefront
halfofthecyltiderforthenormal.componentoftheflowwasindependent
ofthenormalMachnumberandwasequaltothatcalculatedfromtheexperi-

mentallydetermined‘e/To at zerosweep.Usingagatirt = Fr
1/2= 0.85

givestheoverallratio .-

. . .. .+ _.._ ._._._ ._ _____ .— —- ——.-— —-. .—.



— — —

10

T=
~= 0.096-1-0.9)4(0.929COS2A
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)+ 0.85sin2A (8)

whichisalsoplottedintheupperpartoffigure4.
factthatthecmwe isbasalonthedataat 0° sweep,
theexperimentallydeterminedvaluesisgood.

AverageHeat-TransferCoefficient

Evenconsideringthe
theagreementwith

Thelowerpartoffigure4 showstherelativeeffectof sweepangle
ontheoveralLheat-transfercoefficients.Thedatapointsarethecoeffi-
cientsat sweepangleA dividedby theaveragevalueat0° sweep.For
allthesepoints,theReynoldsnumberbasedondiameterandfree-stream

airconditionswasabout1.3x ld. A curveof cosAd showndashedin
thefigure,seemsto fitthedatafairlywellupto 60 . No definite
conclusionscanbe drawnabotithetrendbeyond600,sincetheexperi-
mentalvalueat 75°maybe influencedto someextentby endeffects.The
reductioninheat-inputratewithsweepwillbe greaterthanthereduction “
h theheat-transfercoefficientsbecauseofthedecreaseinequilibrium
temperature.~

A simpleanalysisoftheeffectof sweepontheaverageheat-transfer
coefficientstoa cylinderwasmade. Forincompressibleflow,several
_ses (for_le, ref.7)haveshownthatthetemperatefield,aud
thustheheattraasfertoa sweptcylinder,dependsonlyonthenormal
componentoftheairflow. It iss~ested inreference1 that,for
srbitrarybmlies,theeffectofcompressibilityonheattrsnsferisnegli-
gibleifthelocalWch nmbersoutsidetheboundarylayeraresomewhat
below2. Onthebasisoftheseideas,itisassumedforthepresent
analysisthattheaverageheattransfertothefronthdf ofa sweptcylin-
derata free-stresmMachnumberof6.9dependsonthecrossflowcomponent
only,smdthattheparameter~/ 12 forthecrossflowis independent
ofMachnmber.

Theseassumptionsyield,fortheratioofaverageheat-transfer
coefficientat sweepangleA tothatat zerosweep,

h—=
‘A~

Thethermalconductivityk
behindthecenterofthebow

(9)

andtiscosi~ p aretobe evaluatedjust
shock,where,accordingtoreference14,

conditionsbestapproximatetheincompressiblefreestream.

~~-”,.: -

— -.
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Valuesofthe
usingexperimental

u.
..

.* * .#’4,

relativeheat-transfercoefficientfromequat$on(9)
vd.uesofconductivityandviscosi~(refs.15,16,—

and17) areplottedagainstsweepangleinthelowerpartoffigure4.
Thetheoreticalcurveis infairagreementwiththeexperimentaldata,
exceptat largesweepangles,wherethetheoryshouldnot,ofcourse,
be expectedto apply,becausethecontributionofthetangentialcom-
ponentoftheflowisneglected.Thereissanereasontobelievethat

~/ 12
theparsmeterN R isnotindependentofMachnuniberbutdecreases
somewhatwithincreasingMachnumberinthesupersonicrange.This
variationwoulddecreasethedifferencebetweenthetheoryandthe
experiment.

Becauseoftheuncertaintyoftheeffectofthree+limensionalflow
ontheexpertiental.valuesofheat-transfercoefficientat A = ~oj no
conclusionsshouldbe drawnaboutthetrendbeyond600. ‘

Theaverageheat-transfercoefficientsfoundatthefivesweep
anglesandtwot~el pressurelevelswereformedintothedimensionless

parameters~/R1 2 withtheairpropertiesevaluatedatfree-stream
“ conditionsandarepresentedinfigure5. Thelargescatterofthe

values,particularlyevidentat A = 0°,maybe attributedpartlyto the
factthat,atthefree-streamtemperatureofabout110°R, thethermal

. conductivityandtiscositybecomesmall.andcouldnotbe readto good
percentageaccuracy.Thefree-streamReynoldsnumbersforthetwo—
tunnelpressurelevelsusedinthesetestswereaboti1.3x 1(?and

1.8 X 105. Theresultsatthetwopressurelevelsfitfatilywellon
a singlecurve,whichfallsrapidlywithsweepangle.

Totryto geta parameterhdependentof sweepanglealso,thefree-
stresmdensitysmdveloci~intheReynoldsnumberwereretained,butthe
viscosityandthermalconductivitywereevaluatedat thetemperaturejust
behindthecenterofthebowshockas s~ested inreference14. The
variationofthisparameterwithsweepsagleis shownby thelowercurve
infigure5. Althoughthisparsmeterisnotquiteindependentofsweep
angle,thechangefrom0°to 600isonly6 percent,andanaveragevalue
of0.815representsthedatato engineeringaccuracyovertheentire
rangeof sweepangles.

TherelationbetweenNusseltnumberandReynoldsnumberwithair
propertiesevaluatedatthetemperaturebehindthebowshockis shownin
figure6 intheconventionallogaritlmnicplot. Thedashedlinewith
slope1/2istheapproximaterelationdeterminedfromfigure5:

(lo)

.,

. . -—.—..—— —.. _.——_. _ —. -. ——.. -.— .-
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It canbe seenthat,foranysweepangle,thevaluesofNusseltnumber
fromtestsatthetwotunnelpressurelevelscambe joinedby a line
of slope1/2,butthatforeitherpressureleveltheslopeofthebest-

Lfittingstraightlineisslightlyless,aboutO. 5. However,equa-
tion(10)isa usefulapproximationovertheentirerangeofanglesand
pressurescoveredinthetests.

CONCLUSIONS

Wind-tunneltestsona l/2-inch~iametersolidcoppercylinder,
tisulatedontherearhalf,atWch number6.9andReynoldsnumbers

(basedondiameterandfree-stieamatiproperties)of 1.3x ld and

1.8 x K? haveshownthefollowingresults,fora rangeoftheratioof
modeltemperatureto sta~tiontempwatureof O.~to

1.Theaverageheat-transfercoefficientforthe
cylinderdecreasesapproxhatelyasthecostieofthe
stipleanalysis,basedonthenormalcmponentofthe
showsgoodagreementwiththistrend.

0.8:

fronthaJ.fofthe
sweepangle.A
airflowalone, .

2. Theequilibriumtemperatureofan isothermalcylinder,insulated
ontherearhalf,isreducedby sweepingthecylinder.Theaverage
recoveryfactorbasedonfree-streamtemperaturecanbe closelypredicted
by a simpleanalysiswhichassumesthatthenormalcomponentofthefree-
streamflowdecelerateswithanaveragerecoveryfactorequalto that
foundforzerosweep,andthetangentialcomponentdeceleratesindepend-
entlywithanaveragerecoveryfactorequalto theflat-platevalue.

3. Theaverageheat-transfercoefficientsforbothtunnelpressure
levelscanbe.expressedbya singlecurveofNusseltnuniberdividedby
thesquarerootoftheReynoldsnumberagainstsweepangle.Whenthe
airviscosi~andconductivityareevaluatedat thetemperaturebehind

~1thebowshock,thechangein N 12 withsweepang% is’smallzfrom
about0.84at zerosweepto 0.79at 600snd0.76at 75 . A constant

.

——— — ——— —.—— —. ._. _____ .
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.
JR/12valueof N

13

= 0.815 isa goodapproximationoftheresultsforthe— --
entirerange’of sweepanglesandReynoldsnunberofthesetests.

LangleyAeronautical.Laboratory,
NationalAdvisoryComitteeforAeronautics,

LangleylHeld,Vs.,MW19, 1955.
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Figure3.-Schlierenpicturesof sweptcircular-cy~tierpressuremodels

at M = 6.9 (takenduringinvestigationreportedinref.13).
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